A description of the acid-base state and the oxygenation of the blood demands a measurement of the amount of carbon dioxide and oxygen contained per unit volume of blood. The carbon dioxide and oxygen are carried in blood partly in physical solution but mainly in combination with haemoglobin or as the bicarbonate ions. The standard laboratory technique to measure the concentration (content) of carbon dioxide or oxygen is the complex method of Van Slyke and Neill (1924) , the accuracy of which is critically dependent upon the acquired skill of the operator. This paper presents new methods by which the concentration of carbon dioxide or oxygen in blood (Cco a or Co 3 ) may be determined. The blood is first altered so that the carbon dioxide or oxygen is converted to the physically dissolved state and then the tension of the gas in solution is measured. The results obtained using these methods have been compared with results obtained using the manometric technique of Van Slyke and Neill (1924) .
METHODS AND RESULTS

CARBON DIOXIDE CONCENTRATION
A fixed volume of blood was diluted in a fixed volume of 0.1 M hydrochloric acid. This caused destruction of the erythrocytes and release of the carbon dioxide carried in combination in the blood. The released carbon dioxide remained in solution in the hydrochloric acid-blood mixture and the tension of carbon dioxide in the mixture was measured using a Severinghaus Pco a electrode (National Welding Co., Richmond, California, U.S.A.).
Blood sampling and dilution.
Blood samples were withdrawn from a vessel, using an anaerobic technique, into glass syringes, the deadspace of which had been filled witb, heparin (Pularin, Evans Medical Ltd., 1000 i.u./ ml in 0.9 per cent sodium chloride). The orifice of each syringe was covered with a polythene cap and mixing of the blood and heparin achieved by rotating the syringe. In the final calculation of the concentration of carbon dioxide in blood in the animal allowance was made for me dilution of the blood by the heparin, the deadspace volume of the syringes being determined by filling with water and weighing.
Dilution of the blood with 0.1 M hydrochloric acid was carried out using a 20-ml glass-andmetal syringe, a 1-ml glass-and-metal syringe, and a three-way tap. The 0.1 M hydrochloric acid used was stored in a 500-ml bottle partially immersed in a water bath maintained at 38° ± 1°C. The acid was withdrawn from the bottle immediately before mixing with the blood, so ensuring that the temperature of the mixture was similar to that of the electrode system. The 1-ml syringe was attached to. the side arm of the three-way tap, and the 20-ml syringe, partially filled with hydrochloric acid, was attached to the straight • channel. The tap was turned to allow communication between the syringes and the deadspace of the tap and 1-ml syringe was filled with add, making sure that no air bubbles were trapped in this space. The tap was turned so that the 1-ml syringe was isolated. The 20-ml syringe was disconnected and the syringe containing blood was attached to the tap. The straight channel was flushed with blood, the tap was turned and the 1-ml syringe filled with blood exactly to the 1-ml mark. The tap was then turned, once more isolating the 1-ml syringe. The syringe containing blood was detached and the 20-ml syringe, filled with more than 20-ml of hydrochloric acid, was attached to the tap, and the straight channel was cleared of blood by pushing down the piston of the 20-ml syringe exactly to the 19-ml mark. The tap was then turned to allow mixing of the blood and acid which was performed by pushing alternately on the pistons of the syringes for 1 minute. Pressure on both pistons ensured that bubbles did not develop in the system.
Measurement of the Pco 2 of the mixture.
The carbon dioxide tension (Pco a ) of the mixture was determined using a Severinghaus Pco, electrode (National Welding Co., Richmond, California, U.S.A.) and a 33B Vibron electrometer and C33B pH unit (Electronic Instruments Ltd., Richmond, Surrey, England). The Pco s electrode was mounted in a perspex chamber through which water was circulated at a temperature of 38°±0.05°C. The Pco 3 electrode consisted of a glass pH 'electrode and a calomel half-cell which were used to determine the pH of a solution of sodium bicarbonate held in a space bounded by a membrane of polytetrafluoroethylene permeable to carbon dioxide. The electrode was held in a stainless steel cuvette and the gas or liquid containing carbon dioxide was placed in the cuvette outside the membrane. The carbon dioxide diffused through the membrane until equilibrium with the bicarbonate solution was achieved and the change in the Pco a of the bicarbonate solution caused a change in the pH of the solution which was measured. A calibration line for the electrode system was established using mixtures of carbon dioxide in oxygen which had been analyzed by the method of Haldane (1920) . Using the electrode system, the Pco, of these gases was measured with an accuracy of + 2.5 per cent of the Pco 3 for a single determination (P=0.05). There was no difference between the reading of the Pco, of a gas mixture and that for water equilibrated with the same gas mixture at 38°C (Severinghaus and Bradley, 1958) ; therefore standardization was carried out using gas mixtures even when estimations were to be made on liquids. In the present experiments the standard used was a mixture of approximately 5 per cent carbon dioxide in oxygen. The PcOj of this gas mixture was calculated each day from the content (as determined by the method of Haldane (1920) ) and the dry barometric pressure. The appropriate pH reading for this Pco, was obtained from the calibration line for the Pco, electrode and the sensitivity was checked using a second gas mixture also of known concentration. Thereafter all Pco a measurements were expressed as pH values with reference to the pH value of the standard gas.
The standard gas was transferred from the gas cylinder in a dry 20-ml glass syringe and introduced into the electrode at the beginning of each of two consecutive 2-minute periods. At the end of the second period the appropriate pH value was set on the electrometer. The electrode was then flushed with about 5 ml of the bloodhydrochloric acid mixture at the beginning of each of two consecutive 2-minute periods. At the end of the second period the electrometer was read. The Pco, of the mixture could then be read from the calibration line for the Pco 3 electrode. The standard gas was reintroduced for two consecutive 2-minute periods and a second reading taken. The maximum difference between the two readings of the standard gas was less than 0.01 pH units (20 estimations; mean + 0.001; SD +0.004); at the Pco 3 of the standard gas 0.01 pH units represented 0.6 mm Hg. In equation (4) a is a constant and providing the same syringes and tap are used v and V are constants. Therefore
Relationship between Cco^ of the Blood and
•(4)
A=kPco 3 mM.
• (5) where k is a constant incorporating the constants in equation (4) There is, therefore, a linear relationship between the logarithm of the content of carbon dioxide in the blood and the pH as recorded from the electrode.
Relationship between Cco 3 of Sodium Carbonate
Solutions and Pco 2 of the Mixture. The method was standardized using a series of solutions of anhydrous sodium carbonate of concentrations 25, 20, 15, 10, 8, 7 .14, 6 and 5 mM which were made up in water distilled, reboiled, and stored under soda lime. The pH values for the carbonate solutions of each concentration mixed with hydrochloric acid were determined as described above, the carbonate solutions being substituted for the blood. Fifty separate estimations were made on the eight solutions (see The 95 per cent confidence limits for points on the regression lines corresponding to given values of log Cco 2 were calculated (see Appendix 'a) for the method of calculation). In equation (8) these limits were ± 0.0012 pH units at die mean Cco a value of 15.1 mM and less than ±0.0022 pH units at the extreme values (8 and 25 mM). In equation (9) the limits were ± 0.002 pH units at the mean Cco 2 value of 5.83 mM and less than ±0.004 pH units at the extreme values (5 and 8 mM).
In working back from pH values to Cco 2 values for single estimations on any one sample it would appear to be reasonable to use the tolerance limits for points on the regression lines (see Appendix (a) for the method of calculation), although in this case, because the carbonate solutions were made up gravimetrically, there was virtually no variation in log Cco 2 values. The 95 per cent tolerance limits (see Appendix (b), table II) for equation (8) at the mean value were ±0.0073 pH units, and at 25 and 8 mM less than 0.0076 pH units. These limits correspond to ±0.30 mM at 15.1 mM, ±0.22 mM at 8 mM and + 0.45 mM at 25 mM For equation (9) the limits at the mean value of 5.83 mM were ± 0.0071 pH units, and at 8 and 5 mM less than 0.0079 pH units. These limits correspond to + 0.12 mM at 5 mM and ±0.20 mM at 8 mM.
Thus from a single measurement, the Cco 3 could be estimated with an accuracy of ±2.5 per cent of the true value (P=0.05) over the range 5-25 mM.
That all the carbon dioxide remained in solution was shown by predicting the carbon dioxide tension in any mixture from equation (3). The syringes were calibrated and the deadspace of the syringe tap system was determined by filling with water and weighing. Thus v and V were found. Kaye and Laby (1959) give a series of values for a in water; interpolation suggested a value of 0.552 ml carbon dioxide at NTP per ml water per 760 mm Hg at 38°C. Peters and Van Slyke (1931) give a value of 0.51 for the solubility coefficient in serum. Using the figure given by Kaye and Laby (1959) and predicting for a carbonate solution of concentration A=20 mM the Pco 2 was calculated using equation (3) Slyke and Neill (1924) . Samples of arterial blood were withdrawn from dogs anaesthetized with either chloralose (British Drug Houses, 100 mg/kg) or pentobarbitone sodium (Nembutal, Abbott Laboratories Ltd., 20 mg/kg). The animals were ventilated by means of a Starling "Ideal" pump and variations in the carbon dioxide concentration of the arterial blood were produced by alterations in the stroke and rate of the respiratory pump. Samples were with-gl drawn anaerobically into 20-ml syringes through a nylon catheter inserted into the abdominal aorta through a femoral artery. After the blood had been withdrawn mercury was drawn into each syringe to facilitate mixing. The syringes were rotated on an electrically driven cam at room temperature (22-27 °C) until the analyses had been completed. All analyses were made within 30 minutes of removing the blood from the animals.
Comparison with the Technique of Van
The carbon dioxide concentrations of eleven samples of blood of varying content (7-38 mM) were measured using the technique already described, calculating the concentrations using the appropriate regression equation for the carbonate solutions ( fig. 1 ). Estimations of carbon dioxide concentration on the same blood sample agreed to within ±0.12 mM (SD of the individual estimations from the average for that sample was + 0.0543 mM). The same eleven blood samples were also analyzed using the manometric technique described by Van Slyke and Neill (1924) . Forty analyses were made by two independent operators, each operator making either one or two analyses on each sample. Estimations on the same sample agreed to within ±0.22 mM (SD of the individual estimations from the average for that sample was ±0.106 mM). The results of both sets of analyses are given in Appendix (b), table IV, and are shown graphically in figure 2. The average carbon dioxide concentration found for each sample as determined by the two techniques agreed to within ±0.32 mM (SD, ±0.18 mM). The average difference was 0.081 mM, the technique using the Pco 3 electrode giving the higher result.
OXYGEN CONCENTRATION
A fixed volume of blood was diluted with a fixed volume of a solution of saponin and potassium ferricyanide, thereby causing haemolysis and release of oxygen from combination with haemoglobin. The oxygen remained in solution in the physically dissolved state. The tensions of oxygen (Po 2 ) in the mixture and in the saponin-ferricyanide solution alone were measured using a Beckman macrocathode oxygen electrode (Beckman Instruments, Inc., Spinco Division, Palo Alto, California, U.S.A.).
Blood sampling and dilution.
Samples of blood were obtained and treated in the same manner as that already described for the determination of carbon dioxide concentration. A solution of 6 g of potassium ferricyanide and 3 g of saponin per litre of distilled water was made fresh each day and stored in a 500-ml bottle partially immersed in a water bath at 38° ± 1°C. The blood was diluted in the saponinferricyanide solution in a similar manner to that described for determining carbon dioxide content using a 1-ml syringe, a 20-ml syringe and a threeway tap; however, the quantities of blood and diluent were different. The 1-ml syringe was filled to the 0.5-ml mark with blood and the 20-ml syringe filled with saponin-ferricyanide solution emptied to the 20-ml mark. Thus 0.5 ml of blood were mixed with 20 ml plus the deadspace of the syringe tap system of the saponin-ferricyanide solution.
Measurement of oxygen tension.
The oxygen tensions of the saponin-ferricyanide solution alone and after mixing widi blood were measured using the Beckman macrocathode oxygen electrode. The electrode was placed within a stainless steel cuvette and water maintained at a temperature of 38°±0.05°C circulated through a perspex water jacket around the electrode. The electrode was polarized widi a constant voltage of 0.7V and the current flow in the circuit determined by using a Vibron 33B electrometer (Electronic Instruments Ltd., Richmond, Surrey, England) to measure the voltage drop across a fixed resistor placed in the circuit. The circuit used was described by Severinghaus (1962) . The electrode system was calibrated with room air and mixtures of oxygen in nitrogen analyzed by the method of Haldane (1920) ; a graph was drawn of Po 3 against reading of the electrometer in mV. The system allowed determination of the Po 3 of a gas mixture with an accuracy of ±2.44 mm Hg for a single estimation over the range 30-280 mm Hg (P=0.05).
It has been claimed that, using this type of oxygen electrode system, there was a difference between the reading obtained from the gas phase and that obtained from the liquid phase when the gas and liquid were equilibrated in a tonometer (Severinghaus, 1962) . However, when water was equilibrated with room air at 38 °C and the Po 2 of the air and the water determined, the maximum difference in tension between the reading of Po 3 for room air and for water was 1.6 mm Hg (11 experiments; mean, 0.8 mm Hg; SEM, ±0.06 mm Hg). When blood and room air were equilibrated at 38 °C the maximum difference in tension between the reading of Po 2 for room air and for blood was 2.06 mm Hg (15 experiments; mean difference, 0.48 mm Hg; SEM, ±0.25 mm Hg). These differences in tension were probably due to difficulties in maintaining the equilibrium between liquid and gas phase throughout the comparative measurements. They were less than the error (P=0.05) for any single estimation of Po 5 . The differences in tension were therefore ignored and the Po 3 for liquid samples was read from the calibration line drawn for the gas mixtures.
In the present experiments room air was used as the standard gas and when analyzed by the method of Haldane (1920) was found to contain 20.8 per cent oxygen (SEM of 6 estimations, ±0.0595 vols. per cent). The Po a of room air on any day was calculated from this figure and the dry barometric pressure. The scale reading on the electrometer for this value of Po 3 was found from the calibration line for the oxygen electrode. A sample of room air was injected into the cuvette from a dry 20-ml syringe and after 1 minute the appropriate scale reading set on the electrometer using the calibration control of the external circuit. Sensitivity of the system was checked by introducing a second gas of known oxygen content for 1 minute and determining its Po 3 . Thereafter all measurements of Po a were made with reference to the value for room air.
The Po 3 of the saponin-ferricyanide solution and the blood-saponin-ferricyanide mixture were each determined by first introducing into the electrode a sample of room air and then 1 minute later setting the appropriate scale reading. About 5 ml of the solution with unknown Po 3 was then injected into the electrode for two consecutive 1-minute periods and at the end of the second period a reading of the electrometer was taken. The solution with unknown Po 3 was then washed out with water at 38°C and air was reintroduced; after 1 minute a reading was taken. The maximum difference between the two readings for air when convened to mm Hg was 42 mm Hg (28 experiments; mean difference, 0.12 mm Hg; SEM, ±0.22 mm Hg). The Po, of the unknown solution was then read from the calibration chart relating electrometer reading and Po 2 . The Po a of the saponin-ferricyanide solution was determined before each mixing with blood. Thus two values of Po 3 were obtained for each determination; the Po 2 of the saponin-ferricyanide solution alone and Po 3 of the saponin-ferricyanide solution mixed with blood. amount of blood added to the saponin-ferricyanide solution it can be assumed that the solubility coefficient does not change significantly. (Neville (1960) showed this to be so for a similar mixture.) Let V ml of saponin-ferricyanide solution be used and the Po 2 of this solution be Pf mm Hg then the oxygen content of this volume is given by:
Relation between Po a of Blood and Po
a'xVXPf ml O,
(a'=oxygen solubility expressed as ml O 2 at NTP/ml soln./mm Hg). Let v ml of blood be added and let the Po, of the mixture be Pm mm Hg. Then the oxygen content of the mixture is a'(V + v)XPm ml O,
The oxygen content of v ml of blood is given by the difference between (10) and (11) 
There should be, therefore, a linear relationship between the Co a and the (Pm-0.975 Pf) factor.
Relationship between Co t of Blood and Po 2 of the Mixture: Practice. Nine samples of blood of varying oxygen concentration (range 5-21 ml/100 ml) were obtained from dogs anaesthetized with either chloralose (British Drug Houses, 100 mg/kg) or pentobarbitone sodium (Abbott Laboratories Ltd., 20 mg/kg). Differences in oxygen content were induced by changing the haemoglobin content by infusing dextran (Dextraven, Banger Laboratories Ltd.), by plasmapheresis or by temporarily asphyxiating the animal. The oxygen concentration of each sample was determined by the manometric technique described by Van Slyke and Neill (1924) ; two independent operators using separate instruments, each performed either one or two analyses on each sample. Triplicate estimations on each sample agreed to within ±0.13 ml/100 ml (SD of individual estimations from the mean for that sample, ±0.0522 ml/100 ml).
The oxygen electrode was used to determine the value (Pm -0.975 Pf) for each sample; three separate mixings and estimations were made on each sample. The three estimations agreed to within +1.1 mm Hg (SD of individual estimations for the mean for that sample, ±0.323 mm Hg, which was equivalent to 0.0427 ml/100 ml -see below).
A graph ( fig. 3) These limits, at the mean (Pm-0.97 Pf) value of 104.8 mm Hg, were ±0.33 ml/100 ml and at the extremes of the range used for calibration were within ±0.35 ml/100 ml. Thus, for a single determination by the technique presented here the concentration could have been estimated with an accuracy of ±0.35 ml/100 ml (P=0.05).
To check that all oxygen contained in the blood was being released from combination with the haemoglobin and was remaining in solution the value of the solubility coefficient was calculated using equation (12) and the regression equation (16). Bodi equations were differentiated with respect to (Pm-0.975 Pf).
(from equations (12) and (14)) d(Pm-^975Pf) =°-1320 (from equation (16)) (18) Therefore a' X 100 X O) =0.1320 (19) V and v were obtained by calibrating the syringes and deadspace volume of the syringe tap system with water. V= 19.76 ml. and v=0.500 ml. Therefore 0 1 1320 t 100 20.26 soln./mmHg =0.00003258 ml O 2 /ml soln./mm Hg =0.00326 ml O, at NTP/100 ml soki./mm Hg Kaye and Laby (1959) give a series of values for oxygen dissolved in water; interpolation suggests a value of 0.00316 ml O,/100 ml water at 38°C/mm Hg tension. The determined result was of the correct order.
DISCUSSION
Carbon Dioxide Concentration.
The method of determining the carbon dioxide concentration of blood described in detail in this paper was suggested by Severinghaus (1960) . Standardization was performed against a series of gravimetrically prepared solutions of sodium carbonate. The departure from the theoretical linear relationship between log Cco 3 and pH (equation (7)) at low carbon dioxide concentrations was due to the Pco 2 of the acid-blood mixture being low and very different (20 mm Hg Pco a ) from the Pco 2 of the standardizing gas. Using the two 2-minute technique for the gas and for the mixture, full equilibrium of carbon dioxide in the electrode was not achieved. Full equilibration could have been achieved by injecting further samples but this would have increased the time required to perform the estimation without appreciably altering the accuracy of the method. The method was therefore standardized, and calibration lines obtained, using the two 2-minute technique. Thus a calibration line must be constructed using carbonate solutions of molarities covering the whole range over which it is intended to measure.
Using standard carbonate solutions the results showed that the technique described allowed a single estimation to be made with an absolute accuracy within ±2.5 per cent of the actual value (P=0.05). This accuracy was confirmed when the values obtained by the technique described here were compared with those obtained using the technique of Van Slyke and Neill (1924) . The variation in the estimations on the same blood sample was less using the technique described here than it was using the method of Van Slyke and Neill (1924) . These results indicate that an unpractised operator, familiar with the techniques of pH measurement, may make measurements of carbon dioxide concentration of blood, using this technique, with an absolute accuracy similar to that obtainable by a practised operator using the method of Van Slyke and Neill (1924) .
Oxygen Concentration.
The principle involved in the determination of the oxygen concentration (content) of blood has been described before (Baumberger, 1940) and was documented for use with a dropping mercury cathode oxygen electrode by Neville (1960) . The method discussed here involved the use of a membrane-covered electrode thus eliminating the effect of the ferricyanide ions on the current flowing through the electrode. The method allowed the measurement of the oxygen concentration of blood with an accuracy of ±0.35 ml/100 ml (P= 0.05) from a single determination. The fact that no absolute standard solution (such as the sodium carbonate solution for carbon dioxide concentration) was available meant that the method had to be compared with the results obtained by the method of Van Slyke and Neill (1924) and that the calibration therefore embodied the errors of both techniques. The apparent accuracy of the method described here was therefore somewhat less than that obtained by the method of Van Slyke and Neill (1924) although the reproducibility of the results of repeated determinations on a single sample was similar to that obtained by the method of Van Slyke and Neill (1924) .
The percentage saturation of haemoglobin with oxygen in the blood sample may be calculated if the oxygen-carrying capacity is also measured. The oxygen-carrying capacity may be determined by taking a further portion of the blood sample, saturating it with room air at room temperature and then determining the content of oxygen in the saturated sample.
It is also possible to combine the two techniques and estimate the concentration of carbon dioxide and oxygen in blood using one mixture of blood and an acid-saponin-ferricyanide solution, as in the combined estimate of carbon dioxide and oxygen contents in blood described by Van Slyke and Neill (1924) . Because of the high oxygen concentration in blood only 0.5 ml of blood is used, giving low values for the carbon dioxide tension in the mixture with consequent loss of accuracy; it is convenient to standardize the Pco 3 electrode at a Pco 3 of 35-40 mm Hg because the Pco 2 of the blood sample is also measured using the same electrode system. However, if the only measurements to bs made on the blood sample are the carbon dioxide and oxygen concentrations then the techniques described here could be modified and the electrodes standardized with tensions of gases nearer to those expected in the mixture of blood and acidsaponin-ferricyanide solution.
Both these techniques are easy to learn, simple to use and require the operator to have only an elementary knowledge of the principles of the measurement of pH. The accuracy of the measurements depends only on the care taken during the mixing process and the reading of the instruments. The estimation of the concentration of carbon dioxide in blood takes 14 minutes, and of oxygen in blood 6 minutes. The accuracy of these techniques compares favourably with the accuracy of the methods of Van Slyke and Neill (1924) .
Using the method of Van Slyke and Neill (1924) difficulties are experienced when blood from patients anaesthetized with gases such as nitrous oxide is examined. The use of the technique described here would avoid such difficulties. Tolerance limits for points on the regression line for x on y were calculated after substituting "x" for "y" and "y" for "x" in the formulae given above.
(fc) Tables of Results. 
